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Surfactant-associated bacteria in 
the near-surface layer of the ocean
Naoko Kurata1, Kate Vella1, Bryan Hamilton1, Mahmood Shivji1, Alexander Soloviev1,2, 
Silvia Matt3, Aurélien Tartar4 & William Perrie5
Certain marine bacteria found in the near-surface layer of the ocean are expected to play important 
roles in the production and decay of surface active materials; however, the details of these processes 
are still unclear. Here we provide evidence supporting connection between the presence of surfactant-
associated bacteria in the near-surface layer of the ocean, slicks on the sea surface, and a distinctive 
feature in the synthetic aperture radar (SAR) imagery of the sea surface. From DNA analyses of the 
in situ samples using pyrosequencing technology, we found the highest abundance of surfactant-
associated bacterial taxa in the near-surface layer below the slick. Our study suggests that production 
of surfactants by marine bacteria takes place in the organic-rich areas of the water column. Produced 
surfactants can then be transported to the sea surface and form slicks when certain physical conditions 
are met. This finding has potential applications in monitoring organic materials in the water column 
using remote sensing techniques. Identifying a connection between marine bacteria and production of 
natural surfactants may provide a better understanding of the global picture of biophysical processes 
at the boundary between the ocean and atmosphere, air-sea exchange of greenhouse gases, and 
production of climate-active marine aerosols.
Bacterial taxa found in thin near-surface layers of the ocean – bacterioneuston1,2 – are of interest due to a num-
ber of practical applications, including air-sea gas exchange of greenhouse gases3, production of climate-active 
marine aerosols4 and remote sensing of the ocean. In particular, surfactant (surface active materials) production 
and degradation via microbial biochemical processes have potential importance in those applications and there-
fore are a focus of this study.
Known major sources of surfactants in the open ocean include inputs from terrestrial runoff, deposition from 
atmosphere, and phytoplankton5; however, the microbial surfactant production within the ocean has not been 
fully understood. Microorganisms are important surfactant producers and have received considerable attention 
from the biochemical industries for the production of detergents, emulsifiers, and dispersants6.
Some surfactant-producing marine bacterial strains have been recovered from oil contaminated sites7, sea-
water and sediment8–10. Surfactant-producing marine bacteria have wide taxonomic distributions encompass-
ing phyla including Acinetobacter spp., Arthrobacter spp., Pseudomonas spp., Halomonas spp., Bacillus spp., 
Rhodococcus spp., and Enterobacter spp11–13, which are known to produce variety of surfactants. A standard 
way to identify surfactant-associated bacteria is to first culture for isolation on medium and to apply various 
screening methods including drop collapse, oil spreading14, hemolytic assay, tilted glass slide, blue agar plate, 
hydrocarbon overlaid agar plate, emulsification index, and emulsification assay15. The conventional surfactant 
screening methods, however, are highly selective, since environmental marine strains consist of highly complex 
microbial mixtures and a large number of marine bacterial are difficult to cultivate on medium16. Therefore, the 
culture-dependent methods have limited our understanding of true diversity for surfactant-associated bacteria. 
However, with the advent of high-throughput sequencing, which revealed an unprecedented number of bacteria 
present in the ocean, we can argue that there are undiscovered roles that bacteria play in terms of surfactant pro-
duction and transformation in the oceanic environment.
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Surfactants can modify physical properties of the air-sea interface and near-surface layer of the ocean by alter-
ing surface tension forces17. The effect of surfactants includes dampening of short gravity-capillary waves18, as 
well as the suppression of near-surface turbulence and coherent structures19. The presence of surfactants increases 
the temperature difference across the millimeter thick aqueous thermal molecular diffusion sublayer and the 
resistance of the air-sea interface to interfacial gas exchange20,21. Under low and moderate wind speed conditions, 
surfactants produce slicks (films) on the sea surface, which dampen short gravity-capillary waves17. These slicks 
are also identifiable from space18 with high-resolution remote sensing techniques such as synthetic aperture radar 
(SAR), which responds to short surface (Bragg22) scattering waves (Fig. 1).
The top few millimeters of the ocean, where physical, chemical, and biological properties are most altered 
relative to deeper water, are often referred to as the sea surface microlayer4,23,24. The sea surface microlayer is char-
acterized by the presence of the aqueous viscous, thermal, and diffusion molecular sublayers with extremely large 
gradients in current velocity, temperature, and gas concentration23, respectively. For example, for a typical thick-
ness of 10−3 m and temperature differences across the thermal molecular diffusion sublayer of 0.2 °C–0.4 °C under 
low and moderate wind speed conditions, the vertical temperature gradient in this layer can be as much as 200 °C 
m−1–400 °C m−1 (ref. 23). Due to the unique condition in the sea surface microlayer, the bacterial composition 
of this layer or bacterioneuston has been reported to be distinct from that of the underlying water column6,20,25. 
Bacterioneuston can be affected by solar radiation, ocean wave motions, turbulence, and disruptions of the air-sea 
interface due to wave breaking. Some bacterioneuston have adapted to the physical conditions within the sea 
surface microlayer; however, others may have a better chance of survival in the water column below the surface 
rather than in the sea surface microlayer26.
Studying the bacterial content in the sea surface microlayer is an experimental challenge. A number of meth-
ods have been developed for surface microlayer sampling over the past decades, including mesh screens27, glass 
plates28, and membrane filters29. Still, these methods may result in some degree of microbial contamination, 
either by the mechanical disturbances to the sea surface from the ship hull or by the unintended exposure of the 
instrument to the underlying water mass.
The focus of our study was to take a snap shot of the bacterial profile of the sea surface, identify the pres-
ence of surfactant-associated genera, which may strongly vary in space and time. For this purpose, we have 
advanced microlayer sampling techniques for the sea surface microlayer, implemented a culture-independent 
high-throughput sequencing method, and coordinated our field studies with SAR satellite imaging.
Measurements
In our study, we have implemented the approach described in Franklin et al.25 to identify the bacterial composi-
tion of the sea surface microlayer in open ocean conditions. In Franklin’s study, sampling of surface materials was 
performed using a 47 mm polycarbonate membrane filter, which was placed on the sea surface with forceps in 
the proximity of the boat hull. Disruptions of the sea surface microlayer as a result of the ship hull causing wakes 
may lead to inaccurate microlayer sampling. Therefore, we used a 2.5 m fishing rod to deploy the membrane filters 
away from the vessel (see Methods).
The study site was located approximately 8 km east of Port Everglades, Fort Lauderdale, on the Atlantic Coast 
of Broward County, Florida. The vessel was situated perpendicular to the wind and the membrane filter was 
released from the bow of a drifting boat away from the disturbances (Fig. 2a). The membrane filter attached to 
the sea surface primarily due to surface tension and the microbial content was collected (Fig. 2b,c). After approx-
imately 3 to 10 seconds, the filter was retrieved and removed from the nymph hook with sterile forceps. The filter 
was then stored in a sterile bag where it was immediately placed on dry ice (Fig. 2d). Subsurface microbial sam-
ples were taken from 0.2 m depth in an area undisturbed by the ship using tubing and a peristaltic water pump 
(see Methods).
Figure 1. Schematics of the experiment to reveal the link between surfactant-associated bacteria, sea slicks, 
and synthetic aperture radar satellite remote sensing. Surfactants are capable of dampening the short capillary 
ocean surface waves and smoothing the sea surface18,27. SAR can detect areas with concentrated surfactants or 
sea slicks, which appear as dark areas on the SAR images.
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A total of over 100 in situ samples were taken during experimentation in the Straits of Florida over several days 
in 2010 and 2011. All stages of sampling were recorded on video in order to identify and discard unsuccessful 
sampling attempts. Samples taken on July 10, 2010 were chosen for the analysis based on satellite overpass, no rain 
conditions, and the presence of a pronounced slick area in the Straits of Florida. During this day, single samples 
from each location, sea surface microlayer slick and non-slick area, and subsurface water corresponding to the 
slick and non-slick areas, were taken. Samples taken on September 10, 2011 were included in the analysis in order 
to evaluate contamination issues during sample handling in the field and laboratory analysis. During this day, 
we took only control and non-slick samples (no slicks were observed). The control samples included one filter 
exposed to the air and one prepared along with other filters but never exposed to the environment. The non-slick 
samples included one filter from the sea surface microlayer and one from the water column. All filters were pro-
cessed in the same manner throughout the course of the laboratory work using 454 high-throughput sequencing, 
and bioinformatics analysis (see Dataset 1 in Supplementary Information).
Results
In the case study on July 10, 2010 (Fig. 3), the in situ bacterial sampling was coordinated with a RADARSAT 2 
satellite overpass. Slicks were visually identified based on their glossy appearance (Fig. 3a), which provided guid-
ance in collecting in situ samples exactly within the slick area. Slicks appeared in the respective SAR image as dark 
lines (Fig. 3b). Sampling locations in the slick and non-slick area are indicated in the SAR image shown in Fig. 3b.
In this case study, the 454 sequencing analysis was used to get the first insight into the overall bacterial com-
position of the sea surface microlayer and water column in the slick and non-slick areas. The results of the 454 
sequencing analysis of samples were organized by operational taxonomic units (OTUs—see Methods) and sub-
sampled to 382 reads in order to match the lowest sequence number obtained for the slick sea surface microlayer 
2010 sample using QIIME 1.8.030 (see Dataset 1 in Supplementary Information). The OTUs found on control 
filters are treated as an indication of potential contamination during sample handling at sea or in laboratory.
The following genera of surfactant-associated bacteria known from literature (see e.g. ref. 15)have been 
identified from the 454 sequencing analysis: potential surfactant producers Acinetobacter spp., Bacillus spp., 
Corynebacterium spp., and Pseudomonas spp. (also a degrader), and a surfactant degrader Escherichia spp. Most 
intriguingly, the greatest abundance of potential surfactant producers, Acinetobacter spp. and Bacillus spp., was 
detected in the subsurface below the sea slick rather than in the sea surface microlayer sample (Fig. 4).
Analysis of the 2010 data showed indication of possible contamination for some bacteria genera during sam-
ple handling and lab analysis. In order to address this issue, control filters were introduced in the analysis. A 
related test was conducted during the 2011 field campaign and certain OTUs, belonging to the Acinetobacter, 
Corynebacterium, and Eschierichia genera, were found on control filters (see Methods and Dataset 1 in 
Supplementary Information), which were an indication that there was higher probability of contamination with 
these genera during field and lab handling of samples. There was no contamination detected for Bacillus, and 
Pseudomonas (no OTUs belonging to these genera have been found on control filters).
Discussion
The implementation of the new sampling techniques and analysis has allowed us to observe the differences 
between the compositions of surfactant-associated bacteria in the slick and non-slick areas, and also between 
the sea surface and subsurface water. The surfactant producers, Acinetobacter spp. and Bacillus spp. appear to be 
Figure 2. Sea surface microlayer sampling method. (a) The sampling is conducted from the bow of the 
drifting boat, in an area undisturbed by the boat wake. (b) A membrane filter is released using a fishing pole to 
collect samples away from the vessel to avoid contamination from the ship wake. (c) Microbial cells in the sea 
surface microlayer attach to the membrane filter due to surface tension. (d) The membrane filter is removed 
with sterile forceps, stored in a sterile bag and placed on dry ice for laboratory DNA analysis. The sea surface 
microlayer sampling method was designed to reduce potential contamination of microbial samples. This 
method included special precautions to avoid hydrodynamic disturbances to the sampling area from the ship 
hull as well as to identify and eliminate possible microbial contamination during sample collection and handling 
in the laboratory. The in situ sampling method and the subsequent DNA analysis of the bacterial samples are 
described in more detail in Methods.
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4Scientific RepoRts | 6:19123 | DOI: 10.1038/srep19123
present almost exclusively in the slick area and mostly localized in the water column rather than in the sea surface 
microlayer (Fig. 4). (Note that Acinetobacter spp. may be subject to contamination during sample handling in the 
field or laboratory). This observation indicates that production of surfactants may take place in the organic-rich 
water column below the sea surface. Surfactants produced by the marine bacteria can then be transported to the 
sea surface by physical processes including diffusion, convection, advection, and bubble scavenging. The organic 
materials on the sea surface, as well as those dissolved in the water column, can potentially form a slick on the sea 
surface within a certain range of wind-wave conditions.
Our taxonomic analysis based on 16S rRNA marker genes gives us insight into the surfactant-associated bac-
teria and their potential surfactant related activities in the near-surface layer of the ocean. There is insufficient 
Figure 3. Case study on July 10, 2010 in the Straits of Florida. (a) Photographic image of a slick. The glossy 
area represents the slick. (b) SAR image of the sampling areas captured with the RADARSAT-2 satellite at 11:23 
UTC on July 10, 2010. The image is in C-band VV-polarization. The corresponding operational beam mode 
is fine quad-polarization mode. The incidence angle is between 26.9 (near) –28.7° (far) and the resolutions in 
range and azimuth directions are 5.4 and 8.0 m. A 3*3 Lee Filter was applied to reduce the speckle existing on 
the SAR image. The radiometric error for RADARSAT-2 fine quad-polarization imaging model is smaller than 
1 dB. Slicks appear in the respective SAR image as dark lines. The study site was located approximately 8 km off 
the Atlantic Coast of Fort Lauderdale, Florida; wind speed was around 1.8–2.6 ms−1; wind direction, 240–260o. 
1 – Slick sampling, sea surface microlayer. 2 – Slick sampling, subsurface. 3 – Non-slick sampling, sea surface 
microlayer. 4 – Non-slick sampling, subsurface.
Figure 4. Relative abundance of surfactant-associated genera observed during the experiment shown in 
Fig. 3. Genus-level taxonomic assignments of 16S rRNA gene were used to determine relative abundance of the 
potential surfactant producers and decomposers, and non-producer/decomposers in each location (SML and 
SSW stand for sea surface microlayer and subsurface water, respectively).
www.nature.com/scientificreports/
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information on the functional traits of marine bacteria related to production of surfactants, because a significant 
amount of surfactant producing bacteria in the ocean has not yet been identified. An approach including compar-
ative genomics and transcriptomics analysis31 can be involved in the future when sufficient amount of surfactant 
associated genes of marine bacteria will be known.
Homology searches indicated that one of the highest number of OTU, denovo1229 (see Methods and Dataset 
1 in Supplementary Information), was 99% identical to Bacillus litoralis found in the tidal flat of the Yellow 
Sea, Korea3. It is unknown if B. litoralis is directly involved in hydrocarbon biodegradation through produc-
tion of surfactants. We can speculate that it is involved in biodegradation, since this species was isolated from 
the same hydrocarbon environment as the other known exopolysaccharide producers B. cereus, B. subtilis, and 
Pseudomonas stutzeri33–35. The latter are also known for the biodegradation of hydrocarbons36,37. There is no study 
showing that B. litoralis was associated with oil samples from the Deepwater Horizon oil spill disaster, which 
occurred on April 20, 2010 and was capped on 15 July 2010. Therefore, we cannot eliminate the possibility that 
dissolved oil was present in the water column during our sampling on July 10, 2010 in the Straits of Florida.
Our 16S rRNA amplicon sequencing approach helped us identify potential surfactant-associated genera in 
the sea surface microlayer as well as in the near-surface layer of the ocean. However, only a few surfactant pro-
ducer and degrader species are known from the literature, which lets us speculate that there is a larger number 
of surfactant-associated taxa yet to be identified in the near-surface layer of the ocean. The reasonable next steps 
would be to collect and amplify DNA in a manner that quantitatively and statistically reflects the microbial com-
munity. Notably, in order to gain a more comprehensive composition and distribution of surfactant associated 
bacteria and surfactants on the sea surface, it is necessary to collect a larger number of samples in a wider range 
of environmental conditions. A companion paper38 implementing the method developed in this study includes 
analysis of larger number of samples but only for one bacteria genera (Bacillus).
The sampling in our study was performed under low wind speed conditions; however, the obtained results 
may provide an insight into a wider range of environmental conditions, since the surfactant-producing bacteria, 
if predominantly located in the water column below the wave-stirred layer, might be less affected by adverse 
weather conditions. Under high wind speed conditions, the near-surface layer of the ocean is saturated with 
air-bubbles due to wave breaking, while the rising air-bubbles scavenge surfactants in the water column. Due 
to alteration of surface tension by surfactants, the air-bubbles affect air-sea gas exchange, including greenhouse 
gases39, and also the bubble-bursting mechanism, which is an important factor in the production of climate-active 
marine aerosols3,4,39. We thus speculate that surfactant-producing and degrading bacteria may represent a factor 
in climate and climate change, alongside phytoplankton and other contributors to the surfactant pool.
Slicks on the sea surface were typically observed under low and moderate wind speed conditions. Under these 
conditions, the SAR backscatter was dominated by surface (Bragg22) scattering by short gravity-capillary waves. If 
surfactants are present, they tend to dampen the capillary waves, and thus they can be detected in SAR imagery. 
Under high winds, the air-sea interface is disrupted by bubble-bursting and covered by sea spray and foam, 
essentially tending to form a two-phase environment. In these conditions, the SAR backscatter is dominated by 
volume-scattering, rather than surface Bragg-scattering by short gravity-capillary waves. While Bragg-scattering 
is known to saturate for increasingly high winds, in the sense that the backscatter signal reaches a limiting pla-
teau and then begins to decrease, saturation does not appear to occur for the volume-scattering, which can be 
measured by satellite cross-polarization channels22. In this latter high wind scenario, bubbles, sea spray and foam 
apparently depend on surface tension effects. As a result, polarimetric SAR imagery can potentially be affected by 
the presence of surfactants, and thus surfactant-associated bacteria in the water column to some extent, even in 
high wind speed conditions.
Unlike coloured algal blooms, surfactant-associated bacteria may not be visible in ocean colour imagery. 
Having the ability to detect these “invisible” surfactant-associated bacteria using SAR has immense benefits in 
all-weather conditions, regardless of cloud, fog, or daylight. This is particularly important in very high winds, 
because these are the conditions when the most intense air-sea gas exchanges and marine aerosol production take 
place. Therefore, in addition to colour satellite imagery, SAR satellite imagery may provide additional insights into 
a global picture of biophysical processes at the boundary between the ocean and atmosphere, air-sea greenhouse 
gas exchanges, and production of climate-active marine aerosols.
Here we have focused on the role of bacteria in the process of surfactant production and degradation in the 
marine environment. This is a pilot type study, with inherent limitations. The main limitations included the 
small sample size and small size of the filter used for DNA collection. For future studies, a more comprehensive 
approach should be implemented, including community-level analysis (metagenomics).
Methods
Sampling Methods. The surface sampling method consisted of attaching a polycarbonate membrane filter 
(47 mm diameter) to a fly-fishing nymph hook, which was pre-sterilized (Fig. S1, Supplementary Information). 
The fly-fishing nymph hook was then tied to a 0.2 m piece of sterilized fly-fishing line with a loop at the opposite 
end. (The membrane filter, hook, and line were all placed inside a sterile, plastic zip-lock bag until sampling 
commenced.)
The small size of the filter in a diameter of 47 mm made our sample collection easier in terms of handling and 
applying aseptic sampling techniques. However, the low biomass filter sample yielded a low concentration of 
genomic DNA, which required a relatively large number of PCR cycles in compensation. The related PCR errors, 
such as chimeric sequences, were discarded during the bioinformatic analysis in this study. Yet, such a removal 
of erroneous sequences may cause a large loss of overall sequence reads and lead to shallower sequencing depth. 
The alpha diversity plots demonstrated that the nearly leveled off accumulation curve of the slick subsurface water 
sample (Fig. S2, Supplementary Information) was well censused as compared to the slick sea surface microlayer 
sample. The steeper initial curve of this slick microlayer sample implied a higher species diversity present in the 
www.nature.com/scientificreports/
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sea slick, although the low number of overall reads suggested that an increased sampling effort might result in a 
more accurate estimation of species diversity. Nonetheless, this study focused on the comparison of specific OTUs 
belonging to Bacillus spp. and Acinetobacter spp., within the rarefied samples of 382 reads. This initial portion of 
the curves up to 382 reads represent the relatively dominated species as rarefaction curves generally raise rapidly 
at beginning, sampling the most common species, but curves begin to level off while sampling rarer species.
Subsurface microbial samples were taken from 0.2 m in depth in an area undisturbed by the ship. A porta-
ble environmental water sampler (Barnant Co., Barrington, IL) was used to collect subsurface water. The water 
sampler has a rotor that generates a peristaltic motion. A flexible tube is inserted into the rotor that continuously 
pumps the fluid through the flexible tubing, which eliminates contact between the pump and fluid. To avoid 
cross contamination, new tubing was used to collect each water sample and sterilized prior to use. To facilitate 
the collection of water samples away from the vessel wake, the tubing was inserted in a 1m long PVC pipe and 
held steady on the downwind side of the drifting boat. The tubing was marked 0.2 m away from the suction end in 
order to ensure accurate sample depths. The pump was started once the suction end was submerged to the correct 
depth and pumped for a few minutes in order to remove possible residual contamination inside of the plastic tub-
ing. Approximately 500 ml of water sample was then collected into a sterile bag. Immediately afterward, several 
membrane filters were soaked in the collected water for 3 to 10 seconds. Each membrane filter was then placed in 
a sterile bag and stored on dry ice. These subsurface sampling techniques are implemented to replicate, as close as 
possible, the sea surface microlayer filter collection procedure.
Genomic DNA extraction from filter membranes. Genomic DNA was extracted directly from each 
membrane filter sample in sterile laboratory conditions by utilizing the QIAamp DNA Investigator Kit (QIAGEN 
Inc., Valencia, CA). Each filter was cut into small pieces and added to individual 1.5 ml tubes. We followed 
the merchant instructions for the remainder of the procedure. NanoDrop1000 spectrophotometer (Thermo 
Scientific, Wilmington, DE) was used to measure concentration and purity of the samples.
454 GS FLX library preparation. The 16S rRNA genes of approximately 1100 bp in length 
were amplified with universal 16S rRNA primers 27F (5′-AGAGTTTGATCMTGG-3′ ) and 1492R 
(5′ -TACCTTGTTACGACTT-3′ )40. The PCR cycle setting consisted of an initial heating at 95 °C for 2 min, fol-
lowed by 30 cycles of, 95 °C for 30 sec, 45 °C for 30 sec and 72 °C for 1 min, and a final elongation step at 72 °C for 
5 min. After the 30 cycle amplification, there were no bands observed on an agarose gel (1.5%) except a positive 
control, which was probably due to the limited genomic DNA material available on filters.
The PCR products diluted by a factor of 10,000 were used to perform nested fusion PCR. Barcoded fusion 
primers were designed using the universal 16S rRNA primers 357F (5′-TACGGGAGGCAGCAG-3′ ) and 805R 
(5′-GACTACCAGGGTATCTAATC-3′)41, which cover the V3 and V4 hypervariable regions (average 438 bp in 
length). With the designed primer sets, the nested fusion PCR amplification was performed using the FastStart 
High Fidelity PCR System (Roche Diagnostic Corp., Indianapolis, IN). The same cycle settings were used as 
indicated above. The samples were size selected using the QIAquick Gel Extraction Kit, and purified using the 
QIAamp DNA Investigator kit (QIAGEN Inc., Valencia, CA). Emulsion PCR and unidirectional 454 GS-FLX 
sequencing were performed at the Interdisciplinary Center for Biotechnology Research, Genomics Division, at 
the University of Florida.
Bioinformatics and taxonomic analyses. From a total of 88,198 raw sequences of 8 samples collected 
on 10 July, 2010 and 10 September, 2011, we obtained 23,778 quality-filtered, non-chimeric sequences. Of those 
filtered sequences, 10, 593 were used in Fig. 4.
Sequences were filtered out during the demultiplexing step, if they had > 6 ambiguous base calls, minimum 
average quality score < 25, minimum sequence length < 200nt, maximum length of homopolymer > 6, and con-
tain any primer mismatches. The demultiplexed sequences were denoised using QIIME denoiser42. Operational 
Taxonomic Units (OTUs) were picked according to their sequence similarity to 97% with UCLUST algorithm43. 
PyNAST44 was then used to align the OTUs with an alignment template obtained from the Greengenes 16S rRNA 
gene database45. Chimeric sequences were removed using ChimeraSlayer46 before taxonomy was assigned with 
the Ribosomal Database Project (RDP) classifier47. OTU tables were generated and rarefied to 382 reads in order 
to match the lowest sequence number obtained for the slick sea surface microlayer (Slick SML) 2010 sample (Fig. 
S2b and Dataset 1 in Supplementary Information). Alpha diversity rarefaction plots were created in QIIME using 
Observed Species metrics (Fig. S2, Supplementary Information). The rarefied OTU table was used to determine 
the relative abundance of surfactant-associated genera (Fig. 4). The raw sequence reads have been deposited in 
the NCBI Sequence Read Archive database under accession number PRJNA280411.
In a separate project38, the samples taken on July 10, 2010 have also been analyzed using Real time PCR 
for genus Bacillus and shown consistent results with our sequencing described above (Fig. S3, Supplementary 
Information).
References
1. Naumann, E. Beiträge zur kenntnis des teichnanoplanktons. II. Über das neuston des süßwasser. Biol. Zentbl. 37, 98–106 (1917).
2. Tsyban, A. V. Marine bacterioneuston. J. Oceanogr. Sot. Jpn. 27, 56–66 (1971).
3. Brooks, I. M. et al. Physical exchanges at the air-sea interface UK-SOLAS field measurements. Bull. Amer. Meteor. Soc. 90, 629–644 
(2009).
4. Cunliffe, M. et al. Sea surface microlayers: A unified physicochemical and biological perspective of the air–ocean interface. Prog. 
Oceanogr. 109, 104–116 (2013).
5. Zutic, V., Cosovic, B., Marcenko, E. & Bihari, N. Surfactant production by marine phytoplankton. Mar. Chem. 10, 505–520 (1981).
6. Desai, J. D. & Banat, I. M. Microbial production of surfactants and their commercial potential. Microbiol. Mol. Rev. 61, 47–64 (1997).
www.nature.com/scientificreports/
7Scientific RepoRts | 6:19123 | DOI: 10.1038/srep19123
7. Hassanshahian, M., Emtiazi, G. & Cappelo, S. Isolation and characterization of crude-oil degrading bacteria from the Persian Gulf 
and the Caspian Sea. Mar. Pollut. Bull 64, 7–12 (2012).
8. Cai Q. et al. Screening of biosurfactant producers from petroleum hydrocarbon contaminated sources in cold marine environments. 
Mar. Pollut. Bull. 86, 402–410 (2014).
9. Khopade, A. et al. Production and stability studies of the biosurfactant isolated from marine Nocardiopsis sp B4. Desalination 285, 
198–204 (2012).
10. Janek, T., Łukaszewicz, M. & Krasowska, A. Identification and characterization of biosurfactants produced by the Arctic bacterium 
Pseudomonas putida BD2. Colloids Surf. B Biointerfaces 110, 379–386 (2013).
11. Abraham, W., Meyer, H. & Yakimov, M. Novel glycine containing glucolipids from the alkane bacterium Alcanavorax borkumensis. 
BBA-Lipid Lipid Met. 1393, 57–62 (1998).
12. Maneerat, S. et al. A novel crude oil emulsifier excreted in the culture supernatant of a marine bacterium Myroides sp. strain SM1. 
Appl. Microbiol. Biot, 70, 254–259 (2006).
13. Perfumo, A., Banat, I. M., Canganella, F. & Marchant, R. Rhamolipid production by a novel thermophilic hydrocarbon-degrading 
Pseudomonas aeruginosa AP02-1. Appl. Microbiol. Biotechnol. 72, 132–138 (2006).
14. Youssef, N. H. et al. Comparison of methods to detect biosurfactant production by diverse microorganisms. J Microbiol Methods 56, 
339–347 (2004).
15. Satpute, S. K., Banat, I. M., Dhakephalkar, P. K., Banpurkar, A. G. & Chopade, B. A. Biosurfactants, bioemulsifiers and 
exopolysaccharides from marine microorganisms. Biotechnol. Adv. 28, 436–450 (2010).
16. Agogue, H. et al. A survey on bacteria inhabiting the sea surface microlayer of coastal ecosystems. FEMS Microbiol. Ecol. 54, 
269–280 (2005).
17. Hühnerfuss, H., Alpers, W., Jones, W. L., Lange, P. A. & Richter, K. The damping of ocean surface waves by a monomolecular film 
measured by wave staffs and microwave radars. J. Geophys. Res. 86, 429–438 (1981).
18. Gade, M., Hühnerfuss, H. & Korenowski, G. Marine Surface Films (Springer, Berlin, 2006).
19. Soloviev, A. et al. Modification of turbulence at the air-sea interface due to the presence of surfactants and implications for gas 
exchange. Part I: laboratory experiment. In: Gas Transfer at Water Surfaces, 245–258 (Kyoto University Press, 2011).
20. Upstill-Goddard, R. C., Frost, T. & Henry, G. R. Bacterioneuston control of air-water methane exchange determined with a 
laboratory gas exchange tank. Global Biogeochem. Cy. 17, 1–15 (2003).
21. Matt, S., Fujimura, A., Soloviev, A. & Rhee, S. Modification of turbulence air-sea interface due to the presence of surfactants and 
implications for gas exchange. Part II: numerical simulations. In: Gas Transfer at Water Surfaces, 299–312 (Kyoto University Press, 
2011).
22. Zhang, B. & Perrie, W. Cross-Polarized Synthetic Aperture Radar: A new potential measurement technique for hurricanes. Bull. 
Amer. Meteor. Soc. 93, 531–541 (2012).
23. Soloviev, A. & Lukas, R. The near-surface layer of the ocean: Structure, dynamics, and applications (Springer, Netherlands, 2006).
24. Zaitsev, Y. Neuston of seas and oceans. The Sea Surface and Global Change [Liss, P. S. & Duce, R. A. (eds.)]. 371–382 (Cambridge 
University Press, UK, 1997).
25. Franklin, M. P. et al. Bacterial diversity in the bacterioneuston (sea surface microlayer): the bacterioneuston through the looking 
glass. Environ. Microbiol. 7, 723–736 (2005).
26. Agogué, H., Casamayor, E. O., Joux, F., Obernosterer, I. & Lebaron, P. Resistance of marine bacterioneuston to solar radiation. Appl. 
Environ. Microbiol. 71, 5282–5289 (2005).
27. Garrett, W. D. & Bultman, J. D. Capillary-wave damping by insoluble organic monolayers. J. Colloid Sci. 18, 789–801 (1963).
28. Harvey, G. W. & Burzell, L. A. A simple microlayer method for small samples. Limnol. Oceanog. 11, 156–157 (1963).
29. Kjelleberg, S., Stenstrom, T. A. & Odham, G. Comparative study of different hydrophobic devices for sampling liquid surface films 
and adherent microorganisms. Mar. Biol. 53, 21–25 (1979).
30. Caporaso, J. G. et al. QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 7, 335–336 (2010).
31. Cunliffe, M. et al. Phylogenetic and functional gene analysis of the bacterial and archaeal communities associated with the surface 
microlayer of an estuary. ISME J. 2, 776–789 (2008).
32. Yoon, J. H. & Oh, T. K. Bacillus litoralis sp. nov., isolated from a tidal flat of the Yellow Sea in Korea. Int. J. Syst. Evol. Micr. 55, 
1945–1948 (2005).
33. Bragadeeswaran, S. et al. Exopolysaccharide production by Bacillus cereus GU812900, a fouling marine bacterium. Afr. J. Microbiol. 
Res. 5, 4124–4132 (2011).
34. Ostrowski, A., Mehert, A., Prescott, A., Kiley, T. B. & Stanley-Wall, N. R. YuaB functions synergistically with the exopolysaccharide 
and TasA amyloid fibers to allow biofilm formation by Bacillus subtilis. J. Bacteriol. 193, 4821–4831 (2011).
35. Rajasekar, A., Anandkumar, B., Maruthamuthu, S., Ting, Y. P. & Rahman, P. K. Characterization of corrosive bacterial consortia 
isolated from petroleum-product-transporting pipelines. Appl. Microbiol. Biot. 85, 1175–1188 (2010).
36. Gutierrez, T. et al. Role of bacterial exopolysaccharides (EPS) in the fate of the oil released during the Deepwater Horizon oil spill. 
PloS one, 8, e67717 (2013).
37. Cappello, S. et al. Effect of bioemulsificant exopolysaccharide (EPS 2003) on microbial community dynamics during assays of oil 
spill bioremediation: A microcosm study. Mar. Pollut Bul. 64, 2820–2828 (2012).
38. Hamilton, B. et al. Surfactant Associated Bacteria in the Sea Surface Microlayer: Case Studies in the Straits of Florida and the Gulf 
of Mexico. Canadian Journal of Remote Sensing 41, 135–143 (2015).
39. de Leeuw, G. et al. Production flux of sea-spray aerosol. Rev. Geophys. 49, RG2001 (2011).
40. Lane, D. J. 16S/23S r RNA sequencing. In: Nucleic Acid Techniques in Bacterial Systematics (Stackebrandt, E. & Goodfellow, M., Eds.) 
115–147 (John Wiley and Sons, Chichester, 1991).
41. Turner, S., Pryor, K., Miao, V. & Palmer, J. Investigating deep phylogenetic relationships among cyanobacteria and plastids by small 
subunit rRNA sequence analysis. J. Eukaryot. Microbiol. 46, 327–338 (1999).
42. Reeder, J. & Knight, R. Rapidly denoising pyrosequencing amplicon reads by exploiting rank-abundance distributions. Nat. Methods 
7, 668–669 (2010).
43. Edgar, R. C. Search and clustering orders of magnitude faster than BLAST. Bioinformatics 26, 2460–2461 (2010).
44. Caporaso J. G. et al. PyNAST: a flexible tool for aligning sequences to a template alignment. Bioinformatics 26, 266–267 (2010).
45. DeSantis, T. Z. et al. Greengenes, a chimera-checked 16S rRNA gene database and workbench compatible with ARB. Appl. Environ. 
Microbiol. 72, 5069–5072 (2006).
46. Haas, B. J. et al. Chimeric 16S rRNA sequence formation and detection in Sanger and 454-pyrosequenced PCR amplicons. Genome 
Res. 21, 494–504 (2011).
47. Wang, Q., Garrity, G., Tiedje, J. & Cole, J. Naïve bayesian classifier for rapid assignment of rRNA sequences into the new bacterial 
taxonomy. Appl Environ Microbiol. 73, 5261–7 (2007).
Acknowledgements
The work is a part of the SCOR “Sea Surface Microlayer” working group (WG 141) sponsored by SCOR and the 
National Science Foundation (NSF). This is also a follow up on the COST Action 735 meeting “Surfactants and the 
Microlayer Gas Exchange”, 18–19 March 2009, Plymouth, UK organized by Peter Liss (UEA) and attended by one 
www.nature.com/scientificreports/
8Scientific RepoRts | 6:19123 | DOI: 10.1038/srep19123
of the authors (Soloviev). We thank Cristopher Garbe (Heidelberg University) for important discussion regarding 
this research. Chris Maingot, Jenny Fenton and Brian Ettinger (NSU OC) helped with the sample collection. We 
acknowledge James Peever, and Kaoru Kurata for manuscript editing assistance and for preparation of graphic 
images. We acknowledge the Canadian Space Agency for providing SAR satellite imagery. Biao Zhang (BIO) 
coordinated RADARSAT 2 acquisitions. David Moraga Amador (ICBR/UF) conducted the 454 DNA sequencing 
of microlayer samples. We thank Cayla Dean for important comments and editing the manuscript. The work was 
supported by the NSU OC project, “Hydrodynamics and Remote Sensing of Far Wakes of Ships”, the NSU OC 
Kevin Kohler Memorial Scholarship Research Fund, and the GoMRI project “Consortium for advanced research 
on transport of hydrocarbon in the environment” (PI: Tamay Özgökmen, UM RSMAS). S. Matt was supported 
by a NRL Karle Fellowship.
Author Contributions
A.S. initiated the project and N.K. and S.M. contributed to the development of advanced microlayer sampling 
method. N.K. and K.V. conducted field sampling and performed the main work on the DNA analysis of the ocean 
samples. S.M., A.T. and M.S. provided guidance to different aspects of the DNA analysis. W.P. facilitated the 
remote sensing component. B.H. validated DNA analysis. N.K., B.H. and A.S. prepared manuscript.
Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Kurata, N. et al. Surfactant-associated bacteria in the near-surface layer of the ocean. 
Sci. Rep. 6, 19123; doi: 10.1038/srep19123 (2016).
This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
